An association between visit-to-visit variability (VVV) of blood pressure (BP) and renal damage was recently reported in a cross-sectional study. We aimed to clarify the longitudinal effect of VVV of BP on deterioration of renal function in patients with non-diabetic chronic kidney disease (CKD). We retrospectively studied 56 patients with non-diabetic CKD (stage 3 or 4) who visited our nephrology clinic between September 1994 and May 2011. VVV of BP was defined as the standard deviation and coefficient of variation (CV) of office BP measured at 12 consecutive visits. Main outcomes were the annual decline in the estimated glomerular filtration rate (eGFR) and the composite renal end point defined as a doubling of serum creatinine or the need for dialysis. The median observation period was 83 months. Standard deviation and CV of office systolic BP (SBP) were significantly associated with the slope of the eGFR after adjustments for confounders. The adjusted risk for composite renal end points more than doubled for each increment of 1-standard deviation of the standard deviation of office SBP (hazard ratio (HR) 2.20, P ¼ 0.001), and for each increment of 1-standard deviation of the CV of office SBP (HR 2.12, P ¼ 0.002). The present study demonstrated that the visit-to-visit variability of BP is an independent determinant of deterioration of renal function in patients with non-diabetic CKD.
INTRODUCTION
Due to its increasing prevalence and incidence, chronic kidney disease (CKD) is a major public health concern worldwide. [1] [2] [3] The demand for renal replacement therapy (dialysis and transplantation) is growing, and this growth has imposed a substantial economic burden on the medical care systems of many nations. The rate of renal function decline is reported to be associated with cardiovascular and all-cause mortality. 4, 5 Identification of rapidly progressive CKD and aggressive modification of risk factors are of paramount importance.
Hypertension is the most prevalent independent risk factor for the development of CKD. [6] [7] [8] [9] [10] [11] The prevalence of hypertension is as high as 80-85% in patients with CKD. 12 Good control of the mean blood pressure (BP) level is a key component in the management of CKD. Guidelines from the Kidney Disease Outcomes Quality Initiative, the Seventh Report of the Joint National Committee (JNC 7), and the American Heart Association propose a BP treatment target goal of o130/80 mm Hg in patients with CKD. [13] [14] [15] Recently, visit-to-visit variability (VVV) of BP has been found to be a strong risk factor for stroke and myocardial infarction, and for all-cause mortality independent of the mean office BP level. [16] [17] [18] [19] In a cross-sectional study, the VVV of BP was reported to be correlated with renal damage, as measured by albuminuria, and the resistive index, as evaluated by renal Doppler ultrasonography, which is thought to be a good indicator of renal vascular resistance. 20 In addition, in a retrospective cohort study of patients with type 1 diabetes mellitus, it was demonstrated that the VVV of BP was associated with the development of nephropathy, defined as the development of albuminuria. 21 However, there are still no data available regarding the longitudinal relationship between the VVV of BP and changes in renal function in patients with non-diabetic CKD.
We hypothesized that the VVV of BP might be associated with a deterioration of renal function independent of the mean BP level in patients with non-diabetic CKD. We investigated the impact of the VVV of BP on the annual rate of decline in renal function, estimated as the slope of the estimated glomerular filtration rate (eGFR). In addition, we also investigated the impact of the VVV of BP on composite renal end points, defined as either a doubling of serum creatinine or the need for dialysis. 22 
METHODS

Study patients
We retrospectively studied patients with CKD who visited our nephrology clinic at Iwakuni Medical Center from September 1994 to May 2011 (n ¼ 393). Patients with diabetes mellitus were excluded (n ¼ 105). Patients were excluded if they were pregnant (n ¼ 5) or had severe systemic conditions such as an acute inflammatory state (n ¼ 7), collagen disease (n ¼ 25), cirrhosis (n ¼ 23) and hematologic disease (n ¼ 10). Patients with active renal diseases such as glomerulonephritis (n ¼ 92), and congenital urological abnormalities such as unilateral kidney (n ¼ 11), polycystic kidney disease (n ¼ 26) and reflux nephropathy (n ¼ 3) were also excluded. The clinical course of patients with CKD was followed through the medical charts until the start of dialysis, all-cause death, or May 2011, whichever was earliest. 8 We enrolled patients with CKD stage 3 or 4 (eGFR 15-59 ml min À1 per 1.73 m 2 ) 23 at the first visit. In cases when patients were alive without the need for dialysis in May 2011, patients were excluded if their observation periods were o4 years. We ultimately enrolled 56 patients. This study was approved by the Institutional Review Board of Iwakuni Medical Center, and written informed consent was obtained from all participants.
Study design
The present study was a retrospective observational study. The patients' visits were separated by an interval of 1-12 months. At the beginning of the observation period, angiotensin-converting enzyme inhibitors or angiotensinreceptor blockers were prescribed to all patients for renal protection. 14 9 If the patients had not reached the target BP, then the other antihypertensive agents were added. Dietary protein was restricted to 0.8 g kg À1 per day. 14, 27 Dietary sodium intake was restricted to 5 g of sodium chloride per day. 14 All patients underwent a medical interview, anthropometric measurements, and blood and urine examinations in the morning after having fasted overnight. Habitual drinking was defined as alcohol intake on 45 days per week, regardless of the amount. The threshold for dipstick proteinuria was set at 1 g l À1 . 28 
BP measurements
Office BP and heart rate were measured simultaneously by attending nurses in the morning with a mercury sphygmomanometer. At each office visit, two consecutive readings were taken on the non-dominant arm with a 1-min interval after 5 min rest in a sitting position; the average of two readings was adopted as the office BP and heart rate.
Definition of BP variability and BP instability
Over a series of 12 consecutive visits from the beginning of the observation period, the mean office BP and the VVV of BP (expressed as within-individual standard deviation (s.d.) and coefficient of variation (CV); CV ¼ s.d./mean office BP in the 12 visits Â 100 (%)) were measured. The BP instability indices, expressed as the maximum office BP 18 or the delta in office BP for the 12 visits, were also measured. Delta in BP was defined as a difference between the maximum and the minimum BP. 29 
Measurement of renal function
Definition of renal outcomes
The primary outcome was the rate of decline in renal function, estimated by fitting a regression line through the eGFR measurements for each individual patient. 8 This resulted in slopes expressing the yearly decrease in eGFR. Estimated GFR measurements at the beginning and the end of the observation period were used. The secondary outcome was the composite renal end point, defined as a doubling of serum creatinine or the need for dialysis. A doubling of creatinine was defined as the first serum creatinine value that was twice the baseline value, confirmed by a similar second value at least 4 weeks after the finding of a doubling. 31 
Statistical analyses
All data are expressed as the mean values±s.d. or as a percentage, unless otherwise specified. Univariate correlations between the BP parameters and the slope of the eGFR were assessed using Pearson's correlations. After adjustments were made for possible confounding factors (model 1: age, sex, body mass index (BMI), habitual drinking, 32 dipstick proteinuria (X1 g l À1 threshold), 28 and mean heart rate; 33 model 2: age, sex, BMI, habitual drinking, current smoking, 34 statin use, 35 fasting glucose, 36 low-density lipoprotein cholesterol, 37 dipstick proteinuria, mean heart rate and mean interval between visits), multivariate linear regression analyses on the slope of the eGFR were performed. The s.d. of office BP, CV of office BP, maximum office BP and delta in the office BP were also adjusted for mean office systolic blood pressure (SBP). The Kaplan-Meier method was used to construct cumulative time-toevent curves for two groups divided by the median CV of office SBP and by the median s.d. of office SBP. The comparisons between two groups were based on a log-rank test. Cox regression analyses with BP parameters were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for composite renal end point, with or without adjustments for age, sex, BMI, habitual drinking, dipstick proteinuria and mean heart rate. Model assessment for the proportionality of hazard was based on plots of log ( Àlog (survival)) vs. log (time). To identify cutoff values for VVV of BP as an indicator of the composite renal end point, receiver operating characteristic curves were constructed. The Youden index, an index that gave the same weight to false positive and false negative results, was used to determine the thresholds. 38 The Youden index was defined as (sensitivity þ specificity) À1. Differences in the VVV of SBP or the slope of the eGFR according to antihypertensive medication use were assessed by unpaired t-tests between the two groups, subdivided by antihypertensive medication use. The null hypothesis was rejected when the two-tailed P-value was o0.05. All statistical analyses were performed with SPSS version 19 (SPSS, Chicago, IL, USA).
RESULTS
Characteristics of the patients
Characteristics of the study patients are shown in Table 1 . The mean age of the total patients was 69.5 years. At baseline, the mean serum creatinine was 137 mmol l À1 , mean eGFR was 37 ml min À1 per 1.73 m 2 and mean office BP was 140/78 mm Hg. The median observation period was 83 months (interquartile range 57-116). The median period of 12 consecutive visits from the beginning of the observation period was 24 months (interquartile range . The average of the mean interval between visits was 2.3 months. At the end of the observation period, the mean serum creatinine level was 296 mmol l À1 and the mean eGFR was 22.5 ml min À1 per 1.73 m 2 . The mean slope of the eGFR was À2.03 ml min À1 per 1.73 m 2 per year, which was approximately two times the rate previously described in studies of normal aging. 39 Univariate correlations of VVV of BP with the slope of the eGFR Multivariate regression analyses between VVV of BP and the slope of the eGFR Table 3 shows the results of the multivariable linear regression analyses that determined the independent association of BP parameters with the slope of the eGFR after adjustments for confounders. We did not observe any multicolinearity in any models; all variance inflation factors were o3.0. In the model 1, the s.d. of office SBP/DBP, the CV of office SBP/DBP, the maximum office SBP and the delta in office SBP were independently associated with the slope of eGFR. In the model 2, the s.d. of office SBP, the CV of office SBP/DBP, the maximum office SBP and the delta in SBP were independently associated with the slope of the eGFR. On the other hand, the correlation between mean office SBP and the slope of the eGFR was not significant after adjustments for confounders in the both models.
Impact of VVV of BP on composite renal end points
To evaluate the relationship between VVV of BP and renal outcomes, we divided the patients with non-diabetic CKD into two groups according to the median s.d. of office SBP (low-s.d. group, n ¼ 28; high-s.d. subgroup, n ¼ 28) and the median CV of office SBP (low-CV group, n ¼ 28; high-CV subgroup, n ¼ 28). Figure 2 shows KaplanMeier curves for composite renal end point, that is, for the doubling of serum creatinine or the need for dialysis. Log-rank tests demonstrated that the risk of composite renal end points was associated with increasing s.d. or CV of office SBP. Table 4 shows the results of the Cox regression analyses (with or without adjustments for age, sex, BMI, habitual drinking, dipstick proteinuria (threshold X1 g l À1 ) and mean heart rate) for composite renal end points. HRs were standardized by calculating them for 1-s.d. change in any given variables, which allow direct comparison of the prognostic value of different BP parameters. Even after adjustments for confounders were made, the s.d. of office SBP/DBP and the CV of office SBP/DBP were associated with composite renal end points. Similarly, delta in office SBP/DBP was also associated with composite renal end points. On the other hand, after adjustment, the mean office SBP/DBP and maximum office SBP/DBP were not associated with composite renal end points.
Cutoff values for VVV of BP as an indicator of composite renal end point Supplementary Figure S1 shows receiver operating characteristic curves for s.d. of office SBP and CV of office SBP as indicators of the composite renal end point. The area under the receiver operating characteristic curve was 0.80 for s.d. of office SBP and 0.78 for CV of office SBP. The cutoff value corresponding to the maximum Youden index ((sensitivity þ specificity) À1) for s.d. of office SBP was 14.8 mm Hg (sensitivity 86%, specificity 63%). The cutoff value corresponding to the maximum Youden index for CV of office SBP was 11.5% (sensitivity 76%, specificity 77%). Differences in VVV of SBP or slope of the eGFR with respect to antihypertensive medication used Supplementary Tables S1 and S2 show differences in the VVV of SBP with respect to antihypertensive medication used. Two groups subdivided by antihypertensive medication used (calcium channel blocker, diuretic, beta blocker and alpha blocker) were compared. There was no significant difference in the s.d. or CV of office SBP with respect to antihypertensive medication used. Supplementary Table S3 shows differences in the slope of the eGFR according to antihypertensive medication used. Use of calcium channel blockers was associated with a steeper decline in eGFR in the present study. Use of other classes of antihypertensive medication was not associated with significant difference in the slope of the eGFR.
DISCUSSION
In the present study, we demonstrated that the VVV of BP is significantly correlated with the slope of the eGFR in patients with non-diabetic CKD. In addition, our results suggested that the VVV of BP is significantly associated with the composite renal end point defined as a doubling of serum creatinine or the need for dialysis. To best of our knowledge, this is the first study to report a longitudinal effect of the VVV of BP in the progression of non-diabetic CKD. Our study revealed an association between the VVV of BP and a deterioration of renal function. In a cross-sectional study by Kawai et al. 20 , it was reported that the VVV of BP correlated with albuminuria and renal vascular resistance. A study by Kilpatrick et al. 21 reported that in type 1 diabetes mellitus, the VVV of BP was associated with the development of nephropathy. Although in these Abbreviations: BP, blood pressure; CKD, chronic kidney disease; CV, coefficient of variation; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein; b, standardized regression coefficient; R 2 , multiple coefficient of determination; SBP, systolic blood pressure. a Model 1: These models were adjusted by age, sex, body mass index, habitual drinking, dipstick proteinuria (threshold X1 g l À1 ) and mean heart rate. Model 2: These models were adjusted by age, sex, body mass index, habitual drinking, current smoking, statin use, fasting glucose, LDL cholesterol, dipstick proteinuria (threshold X1 g l À1 ), and mean heart rate and mean interval between visits. b Model 1: These models were adjusted by mean SBP, age, sex, body mass index, habitual drinking, dipstick proteinuria (threshold X1 g l À1 ) and mean heart rate. Model 2: These models were adjusted by mean SBP, age, sex, body mass index, habitual drinking, current smoking, statin use, fasting glucose, LDL cholesterol, dipstick proteinuria (threshold X1 g l À1 ), mean heart rate and mean interval between visits.
studies, the decline in renal function was not evaluated, our data are consistent with their findings regarding the impact on renal disease of the VVV of BP. Moreover, the VVV of BP was demonstrated to be significantly associated with carotid intima-media thickness and arterial stiffness 29 and endothelial dysfunction, 40 independent of mean BP. Recently, endothelial dysfunction and carotid arterial thickening were reported to occur in parallel with a decline in eGFR in patients with CKD. 41 The myogenic response of glomerular afferent arterioles protects the glomerulus from the damaging effects of hypertension by sensing increases in SBP and responding with compensatory vasoconstriction. 42, 43 Endothelial dysfunction leads to a decrease in nitric oxide 44 and an increase in reactive oxygen species. 45 These changes are associated with a thickening of afferent arterioles and increased preglomerular resistance, which impair glomerular autoregulation, 45 make glomeruli vulnerable to hypertensive injury and deteriorate renal function. 46 On the basis of these findings, it is possible to speculate that endothelial dysfunction and arterial remodeling of afferent arterioles have important roles in the impact of VVV of BP on the deterioration of renal function.
Very recently, Okada et al. 47 reported that day-by-day BP variability assessed by home BP measurements had no significant association with the progression of CKD. However, their study included a wide variety of patients, including patients with conditions such as chronic glomerulonephritis and diabetic nephropathy, who were not included in the present study. The impact of BP variability may be different in these patients. In the study by Okada et al., the average observation period was shorter than in the present study (36 vs . 89 months) . The observation period may not have been long enough to capture a significant difference in the decline in eGFR. Day-by-day BP variability reflects medium-term fluctuations, whereas the VVV of BP reflects long-term fluctuations. The impact on renal function may be different between medium-term BP fluctuations and long-term BP fluctuations.
There remains the question of whether the VVV of BP exerts an influence on renal function or if renal function exerts an influence on the VVV of BP. In the present study, baseline eGFR was not significantly associated with the VVV of BP (data not shown). Likewise, in the cross-sectional study by Kawai et al. 20 , eGFR was not significantly associated with the VVV of BP. Considering the temporal relationship between the VVV of BP and deterioration of renal function observed in the present study, it is reasonable to assume that the VVV of BP does influence renal function.
In the present univariate analysis, mean office SBP was associated with the slope of the eGFR; however, the association was no longer significant after adjustment for possible confounding factors. In addition, the increase in mean office SBP was not associated with a significantly increased risk of composite renal end points. Many studies have suggested that mean SBP is an important risk factor for deterioration of renal function in patients with CKD. [6] [7] [8] [9] [10] [11] However, these studies included a wide variety of patients such as those with diabetes mellitus or nephritis. A few studies have investigated the impact of mean SBP on the deterioration of renal function solely in patients with non-diabetic CKD. Consistent with the present study, the results of a multivariate analysis by Strojceva-Taneva et al. 48 demonstrated that in 70 patients with non-diabetic CKD, mean SBP was not a significant variable. In the present study, the absence of a significant association between mean SBP and the deterioration of renal function may have been due to a type 2 error due to the small sample size; however, the present results did reveal a stronger impact of the VVV of BP than mean SBP on the deterioration of renal function. In the present study, maximum office SBP was significantly associated with the slope of the eGFR, independent of the mean office SBP, but maximum office SBP was not a significant variable according to the Cox regression model analysis of renal composite endpoint. We have recently shown that maximum home SBP was significantly associated with urinary albumin excretion after adjustment for confounders, but maximum home SBP did not provide useful information about potential kidney damage associated with the mean home SBP level. 49 Accumulating evidence suggests that urinary albumin excretion is an early sign of damage in the vasculature of the kidney. 50 These findings may indicate that although maximum office SBP is associated with renal damage, the association may not be as strong as that between the VVV of SBP and renal damage. Kidneys may be more vulnerable to long-term SBP variability (VVV of BP) than episodic increases in SBP (maximum office SBP).
In the present study, the delta in office SBP was associated with the slope of the eGFR, independent of the mean office SBP, and was a significant variable in the Cox regression model of renal composite end point. We have demonstrated that the delta in office SBP was associated with carotid intima-media thickness, 29 which has been reported to be associated with an increased risk of CKD. 41, 51 Wide oscillations in BP are considered to increase the extent of oscillatory shear stress in the endothelium, initiating atherosclerosis formation by the stimulation of adhesion molecule expression. 52 It is possible to speculate that oscillatory shear stress in the endothelium of glomerular afferent arterioles stimulates atherosclerosis formation and impairs glomerular autoregulation, 45 which leads to renal dysfunction. 46 In the present study, there was no significant difference in the s.d. of office SBP according to the class of antihypertensive medication administered. This finding seems inconsistent with those of recent reports showing that calcium channel blockers lowered the VVV of SBP 53,54 or short-term BP variability, as assessed by ambulatory blood pressure monitoring. 55, 56 A possible explanation for this discrepancy is that the sample size of the present study may have been too small to detect different effects on the VVV of BP according to the class of antihypertensive medication. Use of calcium channel blockers was associated with a steeper decline in eGFR in the present study. One possible explanation for this association is that patients with a long history of hypertension (who may have impaired glomerular autoregulation and be vulnerable to the VVV of BP) tended to be prescribed calcium channel blockers. It has been demonstrated that calcium channel blockers are the most frequently prescribed agents for the treatment of hypertension in Japan (in patients receiving monotherapy, 69%; in the patients receiving combination therapy, 89.6%). 57 In the present study, the number of patients administered other classes of antihypertensive medication was small, which may account for why the association with the slope of the eGFR was not significant for these other classes.
Study limitations
The present study has several limitations, including its small sample size and its retrospective nature. A prospective study with a larger population will be needed to further clarify associations between the VVV of BP and progression of non-diabetic CKD. Another limitation is that the albumin excretion rate was not included. However, dipstick proteinuria (threshold X1 g l À1 ) was recently reported to be a stronger predictor of rapid renal function decline than albuminuria. 28 In the present study, we adjusted for the presence of dipstick proteinuria (threshold X1 g l À1 ) in the Cox hazard model. Moreover, the intervals between visits varied widely in this study.
However, the reproducibility of the VVV of BP has been reported recently in a study indicating that the first seven and second seven SBP measurements identified similar groups of individuals with higher BP variability. 58 This finding may suggest that the impact of VVV of BP on the deterioration of renal function can be reproduced, even if different intervals between visits are used. Treatment effects on the VVV of BP during the observation period should also be mentioned in this context. We were unable to demonstrate a significant difference in the s.d. of office SBP according to classes of antihypertensive agent. In addition, in patients with treated hypertension (Anglo-Scandinavian Cardiac Outcomes Trial Blood Pressure Lowering Arm), the residual VVV of SBP on treatment was shown to be a strong predictor of stroke and coronary events, irrespective of the class of antihypertensive drug. 18 
Perspectives
The clinical implications of the present study include the idea that the VVV of SBP may be useful as a predictor of worsening renal function in patients with non-diabetic CKD, based on the cutoff values we proposed herein. A higher VVV of SBP in patients with non-diabetic CKD can herald poorer renal outcome, which requires a more careful attention during the follow-up. However, little is known about the utility of the VVV of SBP as a therapeutic target. It is possible to consider that the VVV of SBP could serve as a therapeutic target. Intervention studies of means of improving the VVV of SBP will be required to evaluate this hypothesis.
